The soil P sorption capacity has been studied for many years, but little attention has been paid to the rate of this process, which is relevant in the planning of phosphate fertilization. The purpose of this experiment was to assess kinetics of P sorption in 12 representative soil profiles of the State of Paraíba (Brazil), select the best data fitting among four equations and relate these coefficients to the soil properties. Samples of 12 soils with wide diversity of physical, chemical and mineralogical properties were agitated in a horizontal shaker, with 10 mmo L -1 CaCl 2 solution containing 6 and 60 mg L -1 P, for periods of 5, 15, 30, 45, 60, 90, 120, 420, 720, 1,020, and 1,440 min. After each shaking period, the P concentration in the equilibrium solution was measured and three equations were fitted based on the Freundlich equation and one based on the Elovich equation, to determine which soil had the highest sorption rate (kinetics) and which soil properties correlated to this rate. The kinetics of P sorption in soils with high maximum P adsorption capacity (MPAC) was fast for 30 min at the lower initial P concentration (6 mg L -1 ). No difference was observed between soils at the higher initial P concentration (60 mg L -1 ). The P adsorption kinetics were positively correlated with clay content, MPAC and the amount of Al extracted with dithionite-citratebicarbonate. The data fitted well to Freundlich-based equations equation, whose coefficients can be used to predict P adsorption rates in soils.
INTRODUCTION
The process of soil P sorption has been widely studied over the last few years, particularly because physicochemical adsorption to soil surfaces is the main process underlying phosphate retention, resulting in low P availability (Barrow, 1974; Agbenin & Tiessen, 1994; Novais & Smyth, 1999; Farias et al., 2009 ). Adsorption and precipitation reactions begin immediately after P addition to the soil. In acid soils, part of the P is adsorbed by secondary minerals of the clay fraction (mostly Fe and Al oxyhydroxides), and another part is precipitated with Fe and Al ions into soil solution, FePO 4 .2H 2 O and AlPO 4 .2H 2 O, respectively. In soils where the pH is high, as in the case of several soils in the semi-arid region of northeastern Brazil, a small portion of this soil-applied P is adsorbed to the surface of secondary minerals of the clay fraction (with increased occurrence of 2:1 and 1:1 clay minerals and low content of Fe and Al oxyhydroxides), while the major portion is precipitated with Ca 2+ of the soil solution, forming hydroxyapatite (Ca 5 (PO 4 ) 3 OH) (Novais & Smyth, 1999) . The set of these simultaneous adsorption and precipitation reactions of soil P is called soil P sorption (Sparks, 1995; Novais & Smyth, 1999; Sims & Pierzynski, 2005; Farias et al., 2009) . Soil P sorption is a twostage process. In the first stage, P applied to the soil is rapidly adsorbed, most of it in the first hour of contact with soil. In the second and slower phase, the recently adsorbed P is more strongly retained in the soil, forming non-labile P (Gonçalves et al., 1985) .
The pace at which P is sorbed, not only to the soil but also to other materials, has been the subject of several studies around the world, primarily to understand this phenomenon, which is a matter of great concern, and secondly to estimate the capacity and rate of various materials in removing excessive P amounts that cause pollution in the environment. (Karaca et al., 2004; Cheung & Venkitachalam, 2006; Guan et al., 2007; Luengo et al., 2007; Wang et al., 2009) . Numerous studies in Brazil have looked into the process of P sorption as related to the amount of P adsorbed (Pereira & Faria, 1998; Moreira et al., 2006; Chaves et al., 2007; Farias et al., 2009 ), but few studies focused on the sorption process over time, which was addressed in the studies of Singh et al. (1983) , Gonçalves et al. (1985) and Reis et al. (1995) . The importance of these studies lies in the fact that the faster the process of P sorption to soil surfaces, the lower the amount of plant-available P in short periods.
Several equations, most of them empirical, were used to describe the process of P sorption over time, leading to some inexplicable results, or difficulties in the adjustments for some materials or soils (Karaca et al., 2004; Cheung & Venkitachalam, 2006; Guan et al., 2007) . This was also caused by the great heterogeneity of soils in chemical, physical and mineralogical properties in the solid state and also regarding soil solution (Reis et al., 1995) . Moreover, the relative simplicity of the equations makes it difficult to describe the complex sequence of steps of the fast and slow sorption stages (Cheung & Venkitachalam, 2006) . The equations proposed by Kuo & Lotse (1974) , Barrow & Shaw (1975) , Panda et al. (1978) and Chien & Clayton (1980) are widely used.
To date, the studies of Singh et al. (1983) , Gonçalves et al. (1985) and Reis et al. (1995) are the only conducted in Brazil on adsorption kinetics of soil P. Results indicate fast P sorption in tropical soils, particularly in the most developed Cerrado soils. However, no studies on the referred subjected investigated soils of the Brazilian northeast, in particular, soils of the State of Paraíba. The purpose of this study was to assess the P adsorption kinetics in soils in the state of Paraíba, select the best fit of data among four equations and relate the coefficients of these equations to the soil chemical properties.
MATERIALS AND METHODS
Soil samples from the 0-30 cm layer of 12 representative soil profiles of the State of Paraíba were used (Oliveira et al., 2006) The need for liming (PA, PAC, PVA, and PVd) was estimated by base saturation (V), and when necessary a mixture of CaCO 3 (p.a.) + MgCO 3 (p.a.), at a molar ratio 4:1 was applied to the soil. The 12 soil samples were incubated in plastic bags for two weeks with an amount of water corresponding to 50 % of the total porosity and then ready for the laboratory experiment of P sorption kinetics.
The factors studied for each soil were two initial concentrations of dissolved phosphate (6 and 60 mg L -1 ) and 11 equilibrium periods (5, 15, 30, 45, 60, 90, 120, 420, 720 , 1,020 and 1,440 min) of the solutions containing P with the soil samples. The experiment was arranged in a completely randomized design with three replications. Of each sample, 2.1 g soil was placed in an 125 mL Erlenmeyer flask and horizontally shaken with 25 mL of CaCl 2 10 mmo L -1 solution containing 6 or 60 mg L -1 of P in the form of KH 2 PO 4 . Two drops of chloroform were added to suppress biological activity. At the end of each equilibrium period, the suspensions were filtered and the final P concentration in the equilibrium solution was determined, according to Braga & Defelipo (1974) . The amount of P adsorbed in each soil was calculated by the difference between the P concentration in the equilibrium solution at the beginning and end of the shaking period.
In order to assess the kinetics of P sorption, the equations suggested by Kuo & Lotse (1974) ; Barrow & Shaw (1975) ; Panda et al. (1978) and Chien & Clayton (1980) were used.
The equation of Kuo & Lotse (1974) originated from a modification of the Freundlich equation making it time-dependent: X = K Co t 1/m , where X is the amount of P adsorbed (mg g -1 ), Co is the initial P concentration (mg L -1 ), K represents the reaction rate (min -1 ) and m is a constant. Barrow & Shaw (1975) combined an empirical equation with the Freundlich isothermal equation to study the change rate in the phosphate concentration of the equilibrium solution: X=K C m t n , in this case, X is the amount of P adsorbed (mg kg -1 ), K is the reaction rate (mg kg -1 min -1 ), C is the concentration at time t (mg L -1 ), t is the time (min) and m and n are constants related to the sorption rate. Panda et al. (1978) suggested the equation: C = K.t -n , where C is the phosphate concentration (mg L -1 ) measured in time t (min), the constant K denotes a P concentration in the equilibrium solution (mg L -1 ) and the index is related to the phosphate sorption rate in soil. Chien & Clayton (1980) modified the equation of Elovich and used it to assess the kinetics of phosphate adsorption and desorption in soils: q = (αβ) (1/β) t (1/β) , q: adsorbed P and a and b are constants used to compare the reaction rates.
The coefficients of the equations were estimated by non-linear regression (Gauss-Newton), using the SAEG (2007) statistical package, and tested by the F test.
The identification of the best equation fitting was based on AIC (Akaike´s Information Criterion) developed by Akaike (1974) . The AIC is a test of equations aimed to select the best, i..e, the equation with lowest AIC. The AIC is defined by the equation: AIC= 2k + n[ln SQR/n)], where k is the number of coefficients of the equation, n is the number of observations and SQR is the sum of the square of residuals. Since a small number of observations were obtained in the present study, the corrected AIC (AICc) was used, which is defined as: AICc= AIC + [2k (k+1)/ n-k-1], where k is the number of coefficients of the equation plus one and n is the number of observations. Correlation analyses between the values of the coefficients of these equations and the values of the chemical and physical properties of the soils with the soil P sorption capacity (FCP) were carried out.
RESULTS AND DISCUSSION
The P concentration in the equilibrium solution, as related to the shaking time of P with soil solution and on P concentration (6 and 60 mg L -1 ), is shown in Table 2 . The sorption process was performed in two phases, a fast and a slow one, when equilibrium is reached, as widely reported in the literature (Barrow & Shaw, 1975; Singh et al., 1983; Gonçalves et al., 1985; Reis et al., 1995; Karaca et al., 2004; Cheung & Venkitachalan, 2006; Guan et al., 2007; Wang et al., 2009 ). The decrease in P sorption rate over time suggests that factors such as the penetration of P into the pores of soil microaggregates and the P saturation of the adsorbent surface hamper P sorption for each increment of soil P application (Cheung & Venkitachalam, 2006) .
When the solution containing 6 mg L -1 P was equilibrated with the soils, the PVe, PVA, PVd, SX and VX adsorbed approximately 75 % of the P in the equilibrium solution in up to 45 min, which lasted up to 1,020 min in the PA, PAC, LA, RR, RL, TX and RY soils (Table 2) . Similar results were obtained by Singh et al. (1983) in soils in the Amazon and by Gonçalves et al. (1985) and Reis et al. (1995) in soils of the state of Minas Gerais. In soils of the Amazon forest, the fastest adsorption phase, to adsorb 85 % of the P, lasted up to two days, (Singh et al., 1983) ; in soils of Minas Gerais, Gonçalves et al. (1985) observed that 75 % of the adsorption was completed in up to 30 min for the soils with higher MPAC and in up to 12 hours for soils with lowest MPAC. Reis et al. (1995) found that the fastest soil P sorption phase lasted 30-90 min, to adsorb on average 50 % of the P in the equilibrium solution.
It is worth stressing that PVd and VX adsorbed 74 and 80 % of the 6 mg L -1 P added within only 5 min, possibly due to the high clay contents (380 and 430 g kg -1 ) and high MPAC (0.3473 and 0.4353 mg g -1 ), respectively (Table 1) . It is possible that the precipitation process plays a significant role in P adsorption in the soils VX and SX, due to the high values of pH and Ca 2+ associated to low contents of Fe and Al oxides (Table 1 ). In calcareous soils, which also have high pH and Ca 2+ , values, Cheung & Venkitachalam (2006) also detected fast P sorption in the first P-soil contact periods.
At the end of the shaking time, RY soil had adsorbed the smallest P amount, probably because this soil had a higher initial content of available P (144 mg dm -3 ) and a low MPAC value (0.1728 mg g -1 ), which must have saturated the sorption sites. P sorption in soils of the State of Rio Grande do Norte with characteristics similar to those of the soil studied here were also low (Godinho et al., 1997) . High contents of soil P solution, as well as the previous P application, reduced the phosphate adsorption capacity of soils due to the formation of insoluble Fe and Al phosphates that reduce the maximum phosphate adsorption capacity (MPAC) of soils (Barrow, 1974) .
At an initial P concentration of 60 mg L -1 , the soils that had adsorbed most phosphate, at the end of 24 h, were VX, PVA, PA and PVd , with an average adsorption of 50 % of the P applied (Table 2) . Likewise, at the lower initial P solution concentration, RR and RY had adsorbed less P at the end of the shaking time, approximately 7 and 16 % of the applied P, probably because of the lower clay content (30 g kg -1 ) and low MPAC (0.0360 mg g -1 ) in RR and the higher initial soil P content (144.33 mg dm -3 ) in RY soil. In a study conducted by Cheung & Venkitachalam (2006) with different materials, the sorption rate and amount of P extracted from the solution increased when the initial P concentration in the solution increased. In this study, in turn, there was a decrease in the sorption rate, proportional to the increase in the initial P concentration in the equilibrium solution.
In general, the data fit the equations proposed by Kuo & Lotse (1974) , Barrow & Shaw (1975) and Panda (1978) (Table 3 ), but not the equation proposed by Chien & Clayton (1980) . Lack of fitting to the equation of Chien & Clayton (1980) possibly occurred because the assumption of the equation (αβ t > 1) was not met. Thus, the data of the coefficient of this equation were not presented.
The lack of fitting to the equation proposed by Chien & Clayton (1980) is not consistent with the literature, since some authors consider this equation as better than the others (Torrent, 1987; Cheung & Venkitachalam, 2006; Guan et al., 2007) . However, Polyzopoulos et al. (1985) affirm that assumptions for the Elovich equation are not valid in all cases, because a considerable amount of phosphate can be adsorbed at higher or lower rates than the amount adsorbed at a rate that can be described by the equation, which possibly occurred in the present study. At the lower initial P concentration (6 mg L -1 ) the values of n (sorption rate) of the equation proposed by Panda et al. (1978) varied from 0.1602 to 0.4789 mg L -1 min -1 , and RR and PVd were the soils with the minimum and maximum kinetics of P adsorption, respectively (Table 3) . At an initial P concentration of 60 mg L -1 , sorption rates were highest in the PA and PVA soils (0.0897 and 0.0890 mg L -1 min -1 ) and lowest in the RR and RY soils (0.0122 and 0.0109 mg L -1 min -1 ), respectively. It is important to stress that the initial content of available P was lowest in the PA and highest in the RY soil (Table 1) , which may indicate lower and higher saturation of the P adsorption sites in these soils.
The values of the coefficient n of the equation of Panda et al. (1978) obtained were two and ten times lower than those observed by Gonçalves et al. (1985) , at the low and high initial P concentration, demonstrating the lower capacity of P sorption in the soils of Paraíba compared to the Cerrado soils and, consequently, a lower P sorption rate. Unlike in the Cerrado, P sorption in soils in the semiarid region of northeast Brazil is low and the doses of phosphate fertilizers required to maintain an adequate level of P in the soil solution to ensure plant growth are not high (Agbenin & Tiessen, 1994; Pereira & Faria, 1998; Farias et al., 2009 ).
The K values in the equation proposed by Barrow & Shaw (1975) , which represent the P sorption kinetics, varied from 0.0507 in VX to 0.0032 in RR soil, at the lower initial P concentration in the equilibrium solution, indicating higher sorption kinetics in VX than in RR soil. This tendency was confirmed in an assessment of the n values, which control the reaction rate at constant concentration; the lowest n values, as observed in the VX soil at both initial P concentration, indicate that in this soil the reaction is faster in the beginning, but tends to slow down with time (Barrow, 1983a) . (2) C = K t -n , C: concentration in time t, K: constant related to P in the solution, n: constant related to the sorption rate.
(3) X = K C m t n , X: P adsorbed, C: P concentration in time t, K, m and n are constant.
(4) X = K Co t 1/m , X: P adsorbed, Co: initial P concentration, K: sorption rate, m: non-dimensional constant.
According to the equation proposed by Kuo & Lotse (1974) , the soils with highest and lowest P sorption rates, detected by the K values, were VX and RR (0.0082 and 0.0001 mg L -1 min -1 , respectively). A similar trend was observed when the initial P concentration was 60 mg L -1 (Table 3) . A comparison of the equations showed the lowest sorption rate in RR, soil, and the highest in VX soil, based on the equations proposed by Barrow & Shaw (1975) and Kuo & Lotse (1974) , and on the equation suggested by Panda et al. (1978) for the PVA soil.
The coefficients of the equations were correlated to soil properties, and at the lower initial concentration, positive correlations were observed between the constants of the studied equations and soil properties such as cation exchange capacity (CEC), dithionite Fe (Fe d ), MPAC, clay content and P adsorbed after 24 h, and negative correlations with remaining P (Table 4) . These properties reflect the P sorption rate in the soil best and can be used as sorption indices.
Results are similar at the higher initial P concentration (Table 4) . It is important to stress that, depending on the equation, one given soil property shows better results than others. Soil CEC, e.g., was only correlated with the n of the equation proposed by Panda et al. (1978) , at both concentrations, whereas Fe d correlated only with K of the equation proposed by Kuo & Lotse (1974) , at the lower initial P concentration. CEC was closely correlated with maximum P sorption in the study of Singh et al. (1983) . The explanation suggested by the authors is that P sorption would occur by the sharing of valence electrons of exchangeable cations, particularly of Fe and Al, among the micelles on the clay surface and the phosphate ions.
In this study, positive correlations were observed between dithionite Al (Al d ) and oxalate Al (Al o ) and the constant n of the equation of Panda et al. (1978) at both initial P concentrations. Iron oxalate (Fe o ) was not correlated with the coefficients of either of the two initial P concentrations (Table 4) .
On the other hand, in the study of Barrow (1980) , involving a wide variety of soils, no correlations were found between the constant n of the equation proposed by Barrow & Shaw (1975) and Fe d and P adsorbed after 24 hours, as also observed in the present study, at both initial P concentrations (Table 4) . However, regarding the MPAC and the clay content, there were significant correlations at the lower P concentration, suggesting that these soil properties can be used as Table 4 . Coefficients of simple linear correlation between the coefficients of the studied equations and soil properties
(1) C = K t -n , C:concentration in time t, K: constant related to P in the solution, n: constant related to the sorption rate.
(2) X = K C m t n , X: P adsorbed, C: P concentration in time t, K, m and n are constant.
(3) X = K Co t 1/m , X: P adsorbed, Co: initial P concentration, K: sorption rate, m: non-dimensional constant.
(4) P adsorbed after 24 h. * , ** , + and ns, significant at 1, 5 and 10 % and non significant by T test, respectively. R. Bras. Ci. Solo, 35:1301 Solo, 35: -1310 Solo, 35: , 2011 indicators of the P sorption rates in soils of the state of Paraíba, only at low P concentrations. Nevertheless, P-rem can be used as indicator of the sorption rate at both initial P concentrations. Another important observation is that the n values were negatively correlated with silt contents at both initial P concentrations (Table 4) .
According to the referred data, at the lower initial P content (6 mg L -1 ) the differences between soils are very noticeable, and it is possible to distinguish the soils that adsorb most P in the shortest time. On the other hand, at the higher initial P concentration (60 mg L -1 ) the difference between soils concerning P sorption cannot be easily detected, perhaps because this amount of P is excessive for the soils of Paraíba, which are characterized by low contents of Fe and Al oxides, low MPAC and high P-rem. According to the above findings, the use of a P concentration of 60 mg L -1 to determine remaining P (Alvarez V. et al., 2000) is high and inadequate for these soils. Therefore, further studies are needed to indicate the most suitable initial P concentration for the determination of P-rem in soils of the State of Paraíba and northeastern Brazil, which have lower MPAC values than soils in other Brazilian regions.
The values of AICc (Akaike´s corrected Information Criterion) (Table 5 ) indicated that the data fit best to the equation proposed by Kuo & Lotse (1974) , at the lower initial P concentration. For the higher concentration, this equation had a better performance than the others in the PAC, RY, PVA and PVe soils, whereas the data from the RL, PA, LA, TX, SX, PVd and VX soils fit best to the equation proposed by Barrow & Shaw (1975) (Table 5) . Guan et al. (2007) also observed that the data fit best to the equation of Kuo & Lotse (1974) in their assessment of P sorption kinetics in sediments.
The three equations of this study were based on the Freundlich equation, and in the equation proposed by Kuo & Lotse (1974) the Freundlich equilibrium constant is expressed as an empirical function of time. The use of these equations presupposes that the amount of phosphate adsorbed decreases over time, and that the phosphate adsorbed is in equilibrium Panda et al. (1978) , C = K t -n . Barrow & Shaw (1975) Kuo & Lotse (1974) , X = K Co t 1/m .
with phosphate in the solution. If this assumption is met, the equation can be described by Freundlich equation presented by Barrow & Shaw (1975) , who describe the tridimensional relation between sorption, concentration and time. In their modification of this equation, Kuo & Lotse (1974) describe the bidimensional relation between sorption and time for each initial P concentration (Mendoza & Barrow, 1987) . This may explain why this equation best fit the data of the present study.
Due to the non-homogeneous chemical and mineral composition of the soils, particularly at the surface, and to the occurrence of variable morphologies and dimensions in the same soil material, it is difficult to establish an equation that reasonably describes the dynamics of ions in the mineral phase (Reis et al., 1995) . Thus, most equations used are empirical and do not contain enough information to describe the entire process of P sorption of the soil (Cheung & Venkitachalam, 2006; Guan et al., 2007) . However, there are deterministic equations that consider the processes involved in P sorption, adsorption and precipitation, besides diffusion. The disadvantage of these equations is the need for a great number of data such as pH, electrolytic composition and description of the solid surface properties. It is rather difficult to obtain these data, since the solid state variables, such as the charge or potential of the surface differ for the different components of the solid phase (clay, Fe and Al oxides and organic matter), whereas the concentration of relevant ions in the solution varies over time (Barrow, 1983b; van der Zee & Gjaltema, 1992) .
CONCLUSIONS
1. The P sorption kinetics in soils with high MPAC and low P-rem was fast in the first 30 min at the lower initial P concentration (6 mg L -1 ), and it was not possible to detect many differences between soils at the higher initial concentration (60 mg L -1 ).
2. The P sorption rate is directly related to the clay content, the MPAC and the Fe d of soils.
3. The data of most soils fitted the equation of Kuo and Lotse, and, thus, its coefficients can be used to predict the rate of soil P adsorption.
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